Tissue engineering holds great promise in regenerative medicine. However, the field of tissue engineering faces a myriad of difficulties. A major challenge is the necessity to integrate vascular networks into bioengineered constructs to enable physiological functions including adequate oxygenation, nutrient delivery, and removal of waste products. The last two decades have seen remarkable progress in our collective effort to bioengineer human-specific vascular networks. Studies have included both in vitro and in vivo investigations, and multiple methodologies have found varying degrees of success. What most approaches to bioengineer human vascular networks have in common, however, is the synergistic use of both (1) endothelial cells (ECs)-the cells used to line the lumen of the vascular structures and (2) perivascular cells-usually used to support EC function and provide perivascular stability to the networks. Here, we have highlighted trends in the use of various cellular sources over the last two decades of vascular network bioengineering research. To this end, we comprehensively reviewed all life science and biomedical publications available at the MEDLINE database up to 2018. Emphasis was put on selective studies that definitively used human ECs and were specifically related to bioengineering vascular networks. To facilitate this analysis, all papers were stratified by publication year and then analyzed according to their use of EC and perivascular cell types. This study provides an illustrating discussion on how each alternative source of cells has come to be used in the field. Our intention was to reveal trends and to provide new insights into the trajectory of vascular network bioengineering with regard to cellular sources.
Introduction
Tissue engineering holds great promise in regenerative medicine as a means to generate competent replacement tissues with therapeutic potential. Over the last two decades, the original notion of simply combining primary cells into biocompatible scaffolds to generate surrogate tissues has matured considerably. Advances include the advent of a variety of stem cell sources, the development of novel biomaterials, and a much deeper understanding of the mechanisms regulating interactions between cells and scaffolds. Nevertheless, despite remarkable pre-clinical progress, most tissue engineering efforts still remain mainly empirical. Indeed, translation of tissue engineering products into clinical practice has yet to occur at a meaningful pace, and currently only a handful of engineered tissues have achieved some degree of clinical success.
The field of tissue engineering faces a myriad of difficulties. At the forefront of these challenges is the necessity to integrate complex three-dimensional (3D) vascular networks into bioengineered constructs to enable adequate oxygenation, nutrient delivery, and removal of waste products upon implantation [1] . Strategies to ensure appropriate vascularization have included the delivery of angiogenic factors to promote the ingrowth of pre-existing host microvessels [2] [3] [4] . However, studies have consistently shown that the ingrowth of angiogenic sprouts is likely insufficient, and that to achieve rapid and complete vascularization of thick engineered tissues, constructs would need some kind of built-in vasculature [5] . Over the last two decades, researchers have resorted to exploiting the inherent blood vessel-forming ability of primary endothelial cells (ECs) in an effort to incorporate such built-in vascular networks. Currently, consensus still holds in that bioengineering vascular networks remains a priority in tissue engineering and in that the use of ECs is central to this effort.
The pursuit of bioengineered human vascular networks is a relatively recent area of research, with the first studies carried out in the late 1990's. Over these two decades, studies have included both in vitro investigations as well as in vivo xenograft models (mainly using immunodeficient mice as recipients), and multiple methodologies have found varying degrees of success. Despite broad diversity, most approaches have in common the use of the following key elements: (1) human ECs-used to line the lumen of the bioengineered vascular structures; (2) human perivascular cells-used to support EC function and/or provide perivascular stability to the networks; and (3) a scaffold-this provides a physical space for the cells to interact and for the vascular network to develop (Fig. 1a) . The goal of this review is to highlight and discuss trends in the use of cellular sources over the last two decades of vascular network bioengineering research. This review, however, does not discuss the myriad fabrication processes by which researchers have approached the generation of vascular networks. For example, we did not analyze whether studies have favored processes based on spontaneous cellular self-assembly or if they have resorted to methods to endothelialize engineered microchannels. Also, we acknowledge there have been remarkable efforts in the lymphatic system as well, including bioengineering human lymphatic vessels that have been proven functional in vitro and in vivo [6, 7] . However, we did focus this review only on blood vascular bioengineering and thus the second vascular system, the lymphatic system, was not discussed. For simplicity, we have structured our discussion into two distinct sections corresponding to sources of human ECs and perivascular cells.
One of the main objectives of this review is to reveal trends and anticipate future directions. To this end, we accounted for all available publications in the field, regardless of the perceived importance and influence of any individual study. The methodology followed was based on a comprehensive examination of all life science and biomedical publications available at the MEDLINE database. We reviewed all available publications up to 2018. To facilitate this task, we used the PubMed search engine and introduced several search filters that could pre-identify all potentially relevant publications. Each pre-selected publication was then individually reviewed to confirm suitability. Emphasis was put on selective studies that definitively used human ECs (from any source) and that were specifically related to bioengineering vascular networks. Thus, studies that used ECs from non-human sources or that focused on tissue engineering single vascular grafts or conduits were not selected for further analysis. In addition, we restricted our search to studies published in English and excluded review papers. Our PubMed search identified 782 publications as potentially relevant, from which 371 were deemed suitable according to our criteria. All papers were stratified by publication year Fig. 1 Bioengineering human microvascular networks. a Schematic depicting the key elements that are common to most approaches in human vascular network bioengineering: (1) human ECs, (2) human perivascular cells and (3) the scaffold. b Number of publications per year pertinent to bioengineering human microvascular networks. Publications were identified from the MEDLINE database using the PubMed search engine and included all papers up to the year 2018.
All potentially relevant publications were individually reviewed to confirm suitability. Emphasis was put on identifying studies that definitively used human ECs and that were specifically related to bioengineering vascular networks. A total of 782 publications were pre-identified as potentially relevant, from which 371 were confirmed suitable according to our criteria (Fig. 1b) and then analyzed according to their use of ECs ( Fig. 2 ) and perivascular cells (Fig. 3) .
Our discussion is focused on trends and directions for each alternative source of cells. The other key component, the scaffold, was out of the scope and thus was not discussed in this review. Nevertheless, to give a historical perspective on the types of materials that have been favored over the years in this area of research, we classified all papers by three major classes of scaffolds including natural scaffolds, synthetic scaffolds, and Matrigel (Fig. 4) . Our analysis revealed that natural scaffolds (i.e., scaffolds based on naturally occurring polymers such as collagen, gelatin and fibrin) remain the most prevalent choice in the field (Fig. 4a) . Over the period 2013-2018, 67% of all the studies analyzed used natural scaffolds to support the formation of vascular networks, whereas 28% used synthetic scaffolds, and 4% Matrigel. Notwithstanding the central role played by the scaffolds, they likely had little influence on the choices made by investigators with regard to the sources of cells. Thus, we believe the trends revealed by our analysis are largely independent of the type of scaffold used. Further details and discussion about biomaterials and scaffolds can be found elsewhere [8] [9] [10] [11] [12] [13] .
Sources of endothelial cells in human vascular network bioengineering

Human umbilical vein endothelial cells (HUVECs)
For decades, the study of human endothelial biology was primarily conducted with mature ECs obtained from living human vasculature. Among all sources, the successful isolation of ECs from human umbilical veins in the early 1970's was of singular importance and provided unprecedented access to cultures of human ECs in laboratories around the world [14] . Indeed, HUVECs rapidly became a staple tool in vascular biology research with a dominant presence in the field to date.
The first efforts in vascular network bioengineering came in the late 1990's. By then, HUVECs had been studied in culture for well over two decades, and thus there was a wealth of knowledge that positioned these cells as the preferred option. In 1998, Black et al. used HUVECs for the reconstruction of a human capillary-like network in a tissue-engineered skin equivalent [15] . This study was one of the first in vitro demonstrations of bioengineering human microvessels. In 2000, Schechner et al. used HUVECs in a proof-of-concept study that demonstrated the feasibility of engrafting a bioengineered human vascular network in vivo [16] . This landmark study established the conditions for assembling HUVECs into a capillary network within a three-dimensional (3D) hydrogel, and demonstrated that this bioengineered human vascular network was able to connect with the host circulatory system and to undergo remodeling into complex microvessels upon surgical implantation into severe combined immuno-deficient (SCID) mice. This paper became very influential in the field; the approach of assembling HUVECs in 3D hydrogels was adopted by numerous groups and remains the base of many investigations to date. It is worth noting that in this original study, HUVECs were genetically modified to overexpress the caspase-resistant Bcl-2 protein in an effort to delay apoptosis and enhance cell survival and proliferation. Nevertheless, subsequent studies demonstrated that the need for genetic manipulations could be by-passed. In 2004, Koike et al. showed that networks of long-lasting human blood vessels could be bioengineered in mice by co-implantation of non-modified HUVECs and perivascular precursors (murine embryonic 10T1/2 cell line) [17] . These networks were proven stable and functional for up to 1 year in vivo. Of note, the study by Koike et al. was the first to illustrate the importance of adding perivascular cells for lasting in vivo engraftment.
These early efforts on vascular network bioengineering using HUVECs were critical proof-of-concept studies and collectively demonstrated that pre-assembled human microvessels transplanted into mice were able to connect with host vessels. The approach of bioengineering preassembled vascular structures ahead of implantation in a 3D hydrogel has been used in many subsequent studies in the field of tissue engineering research, including efforts to vascularized engineered muscle [18] , bone [19] , and myocardial tissues [20] .
HUVECs are widely used by the global vascular biology community. This includes the subfield of vascular network bioengineering. Examination of all relevant publications available in PubMed in this particular area of research revealed that the use of HUVECs has been and continues to be dominant since the early 2000's (Fig. 2a) . Moreover, the prevailing presence of HUVECs appears to have increased over the last few years; 59% of all the studies analyzed over the period 2013-2018 used HUVECs as the source of human ECs (Fig. 2b) . Thus, despite the advent of alternative stem/ progenitor cell sources, HUVECs remain as the preferred choice of human ECs in bioengineering to date. The reasons for this prevalence are multiple, but they all essentially stem from the fact that HUVECs have been studied for well over four decades, which is far more than any other source of human ECs. Over the years, the accumulated knowledge on HUVECs have conferred an advantage over other options and positioned these cells as the preferred choice for the development of protocols and standardized assays in vascular biology and angiogenesis research. The establishment of standard assays that call for HUVECs has in turn For simplicity, scaffolds were divided only into three major categories corresponding to (1) natural scaffolds, (2) synthetic scaffolds, and (3) matrigel. b Percentage of studies for each scaffold category over the period [2013] [2014] [2015] [2016] [2017] [2018] perpetuated the need for these cells, and their availability is now widespread at both research laboratories and commercial companies. In addition, HUVECs are isolated from discarded umbilical cord tissue, which are abundant, using simple techniques at relatively low costs.
In terms of future directions, the trends observed in current studies do not suggest a foreseeable decline in the use of HUVECs in vascular network bioengineering. Thus, HUVECs will likely remain a popular option in this field for years to come. Nevertheless, a number of advances could eventually produce a decline in the prevalence of HUVECs. For example, the heterogeneity of ECs continues to be a subject of intensive investigation and mounting evidence indicates that the endothelium regulates multiple regenerative processes in an organ/tissue-specific manner. Hence, it is conceivable that forthcoming efforts will focus on bioengineering vascular beds with organ-specific ECs, which might become possible by educating stem cell-derived ECs with competent tissue-specific properties. Also, HUVECs have 
Other primary human endothelial cells
The successful isolation and culture of HUVECs from umbilical cords prompted the search for additional sources of human ECs. Indeed, in the decade following the isolation of HUVECs, ECs were derived from a variety of primary human tissues, including small diameter veins and the microvasculature of tissues such as skin [21] and adipose [22] . Soon after, studies demonstrated that irrespective of the origin within the vasculature, ECs from other mature vessels display a similar ability to assemble into capillary-like structures in culture like that displayed by HUVECs. Thus, by the early 2000's, a number of alternative human ECs had been extensively studied by the vascular biology community and were readily available for the incoming bioengineering efforts.
Besides HUVECs, one of the most studied sources of primary human ECs has been the dermal microvascular endothelial cells (HDMECs). As with HUVECs, the majority of the studies on vascular network bioengineering with HDMECs have been conducted in vitro. Nevertheless, some of the early proof-of-concept demonstrations were carried out in vivo using immunodeficient mouse models. In 2001, Nör et al. used HDMECs embedded in Matrigel and transplanted in poly-l-lactic acid (PLLA) sponges into SCID mice. This study demonstrated HDMECs organized into functional microvessels that were evident from 7 to 10 days after implantation and formed functional anastomoses with the mouse vasculature, thus containing mouse blood cells in their lumens [23] . The study also showed that the human vessels became invested by perivascular smooth muscle actin-expressing mouse cells at 21 days after implantation, a sign of vessel stability. In 2002, Peters et al. also used HDMECs-this time in poly(lactic-co-glycolic acid) (PLGA) matrices that contained VEGF-to engineer human vascular networks into SCID mice [24] . The HDMEC-lined vessels organized into immature structures within 3 days and were fully functional after 14 days. HDMECs (mainly derived from discarded juvenile foreskin) continue to be used with certain regularity in vascular network bioengineering studies to date.
Another widespread source of human ECs is the white adipose tissue. The appeal of adipose tissue is that fat is plenty and readily available in adults. Biopsies of adipose tissue can be obtained with minimal intervention in an ambulatory setting and, in principle, this source could provide a more practical alternative to obtain large amounts of ECs for autologous therapies than HUVECs (umbilical cord) or HDMECs (foreskin). Certainly, ECs can be isolated and cultured from the stromal vascular fraction of human adipose tissues and efforts in bioengineering vascular networks with adipose tissue-derived ECs have been pursued over the last decade [25] [26] [27] [28] [29] . Collectively, studies with immunodeficient mouse models have demonstrated that human white adipose tissue is a dependable source of ECs with robust ability to form functional blood vessels in vivo.
Although less prevalent than skin and adipose tissue, other sources of human ECs have been proposed for vascular network bioengineering. A few recent examples include those derived from the omentum [30] , aorta [31] , coronary arteries [32] , brain [33] , cardiac [34, 35] , and lung [36] microvasculatures.
Together, the use of alternative sources of primary human ECs in vascular network bioengineering has experienced a progressive increase in presence that is in line with the overall trend in the number of publications in this area of research over the years (Fig. 2a) . Over the period 2013-2018, 18% of all the studies analyzed used alternative (not HUVECs) sources of primary human ECs (Fig. 2b) . However, the gap between the number of studies that used HUVECs and those that used other ECs has widened over the last decade (Fig. 2a) , which indicates a decline in the prevalence for these cells. This could simply be due to the inherent limitations affecting most primary cells with regard to their clinical translational potential (i.e., morbidity associated with their derivation, diminished proliferative and regenerative capacity in elder patients, short life-span of the cells in culture). In any case, the decline in the prevalence of primary ECs is likely to continue over the next decade, as efforts with progenitor and stem cell-derived ECs continue to grow. A caveat could be a resurgence in the collective appreciation for tissue specificity and the importance of how ECs regulate stem cell activities and regenerative processes in a tissue-specific manner. Thus, forthcoming efforts to bioengineer tissue-specific vascular beds (e.g., brain-, bone-, myocardium-specific vasculatures) will probably also include the use of primary tissue-specific ECs.
Human endothelial progenitor cells
For decades, obtaining human ECs involved harvesting them from healthy living blood vessels. However, it was widely recognized that this approach lacked broad clinical future due to the morbidity produced by collecting healthy tissues and to the fact that mature primary ECs displayed limited replicative capacity in culture. These limitations instigated widespread interest in finding alternative sources of autologous human ECs that might be less invasive and more replicative, including stem and progenitor cell sources [37] .
One such alternative arose in the late 1990's with the discovery of a subset of progenitor cells that circulate in human peripheral blood and differentiate in culture into bona fide ECs [38] . Certainly, for clinical applications, the identification of endothelial progenitor cells in circulation represented a promising opportunity to non-invasively obtain the required endothelial population. Nowadays, these cells are more commonly known as endothelial colony-forming cells (ECFCs), and thus this is the term we have used herein. However, it is worth noting that for the most part of the last two decades, there has been a general lack of agreement regarding nomenclature, and multiple terms have been indiscriminately used in the literature, including endothelial progenitor cells (EPCs), blood outgrowth ECs (BOECs), and the aforementioned ECFCs. Even more confusing, some of the terms (most notably "EPCs") have often referred to subsets of circulating cells with no direct endothelial identity. Nevertheless, consensus is mounting in recent years as reflected by a 2017 statement on nomenclature published by multiple leading laboratories in the field [39] .
Despite the ambiguous terminology, human ECFCs have been extensively characterized over the last 18 years and are now reasonably well understood. The robust endothelial phenotype of ECFCs has been confirmed repeatedly [40, 41] . Human ECFCs do express all the usual EC markers (e.g., VE-Cadherin, CD31, vWF), uptake low-density lipoproteins (e.g., Ac-LDL), and bind to specific lectins with high affinity (e.g., Ulex europaeus agglutinin 1, UEA-1), all expected characteristics of ECs. Human ECFCs' ability to form functional vascular networks has also been repeatedly demonstrated in vivo [41] [42] [43] . Equally important, ECFCs maintain this robust endothelial identity through prolonged periods in culture, indicative of phenotypic stability [40] .
The first use of human ECFCs in vascular network bioengineering was reported by Wu et al. [44] . In this study, cord blood-derived ECFCs were embedded in vitro into three-dimensional (3D) polyglycolic acid-poly-l-lactic acid (PGA-PLLA) scaffolds together with human smooth muscle cells (SMCs) and formed human microvessels that were uniformly present throughout the construct. Thus, this proof-of-concept study indicated that human ECFCs are well suited for creating microvascular networks within tissue-engineered constructs. In 2005, Sieminski et al. also used a 3D (type I rat tail collagen hydrogel) in vitro model and demonstrated that human ECFCs exhibited superior vascular network-forming ability relative to vessel-derived endothelial cells (including HUVECs), which was attributed to an increased force generation by the ECFCs [42] . In 2007, Fuchs et al. co-cultured human peripheral blood-derived ECFC with human osteoblasts in vitro and demonstrated that ECFCs formed highly organized microvessel-like structures that were more robust than those formed by HUVECs [45] .
The ability of ECFCs to form robust vascular networks has been also demonstrated in vivo. In 2006, Shepherd et al. introduced the idea of repopulating decellularized tissues using human ECFCs [46] . Specifically, decellularized human skin substitutes were repopulated with cord blood-derived ECFCs and the grafts were then transplanted in vivo onto mice for 21 days. ECFCs were shown to integrate into the graft, forming perfused vessels that connected with incoming host vessels. This was one of the first in vivo demonstrations of using human ECFCs in the context of human vascular network bioengineering.
The capacity of human ECFCs to self-assemble into perfused vascular networks in vivo was further demonstrated in two independent studies published in 2007. In one of these studies, carried out by Melero-Martin et al., human ECFCs and human saphenous vein SMCs were embedded in Matrigel and injected subcutaneously into immunodeficient nude mice. One week later, examination of the implants revealed an extensive network of lumenal structures that were unequivocally lined by the human ECFCs and contained murine erythrocytes, which indicated formation of functional anastomoses with the host vasculature [40] . Of note, this study established feasibility of using both umbilical cord blood and adult peripheral blood as possible sources of ECFCs, although later in 2008, Au et al. reported that only the vessels formed by cord blood-derived ECFCs appeared to be sufficiently long-lasting [43] . Also, in 2007, Yoder et al. reported the ability of human ECFCs to form a perfused network of blood vessels after implantation into NOD/ SCID mice using a collagen/fibronectin hydrogel construct [41] . This study was important in many respects but mainly because it refuted a potential myeloid origin of ECFCs. In addition, it illustrated for the first time that human ECFCs could actually form vascular networks in vivo without the support of exogenous perivascular cells. Nevertheless, it is worth noting that despite the ability of implants with only ECFCs, multiple studies have subsequently established that the microvascular density achieved by ECFCs without the use of mural cells (e.g., SMCs, MSCs) is notably inferior to that achieved with perivascular support [42, 47] .
Short after these initial demonstrations, other significant in vivo studies with human ECFCs ensued. In 2008, Melero-Martin et al. engineered robust and long-lasting vascular networks using a combination of human ECFCs and mesenchymal stem cells (MSCs) that were originated from either cord blood or adult bone marrow [48] , a significant development considering the prominent role that MSCs later acquired in this field. Soon after, similar results were reported with human adipose tissue-derived MSCs [49] and dermal fibroblasts [47] [51] .
Collectively, the number of demonstrations has steadily continued to grow since 2004 and nowadays a growing number of laboratories routinely use human ECFCs for their bioengineering efforts (Fig. 2a) . Over the period 2013-2018, 15% of all the studies analyzed used ECFCs as their source of human ECs (Fig. 2b) . This prevalence though is still far behind from that of HUVECs (59%). In fact, as with other primary ECs, the gap between the number of studies that used HUVECs and those that used ECFCs has widen over the last decade (Fig. 2a) . This somewhat slow incorporation of ECFCs in vascular network bioengineering studies may seem surprising. After all, ECFCs constitute an autologous source of primary ECs that can be derived by non-invasive means (i.e., blood draw), have a stable phenotype, and have robust proliferative and blood vessel-forming abilities [52] . Moreover, ECFCs are widely accessible (certainly to laboratories in the vicinity of medical centers and hospitals) and nowadays even commercially available. So why then are ECFCs not more prevalent? One simple explanation could be that there has not been enough time for everyone to embrace these cells yet-much of the time since their discovery has been spent in issues surrounding their definition, nomenclature, and possible origin rather than in promoting their widespread use. But there likely are other reasons as well.
One concern is the low frequency of ECFCs in adults. Indeed, ECFCs comprise a very small subpopulation of circulating cells in human adult peripheral blood-about 0.05-0.2 cells/ml, which is approximately 15-fold lower than in umbilical cord blood [53] . This low frequencytogether with the lack of a unique set of distinctive cellular markers-has made the isolation of adult ECFCs very challenging [54] . In addition, there have been concerns regarding variability among donors and a number of studies have recognized the absence of ECFCs in a substantial proportion of healthy and non-healthy (e.g., patients with coronary artery disease and age-related macular degeneration) adult subjects [55] [56] [57] . Unfortunately, the mechanism by which ECFCs are mobilized into circulation, and how this process is modulated with age, in health and disease, is not currently known. Therefore, concerns derived from the low occurrence of ECFCs in adults are likely to remain in coming years.
As consensus mounts with regard to their identity, the prospect of ECFCs is likely to improve over the next few years. It is important to note that umbilical cord bloodderived ECFCs do not suffer from the same challenges as adult ECFCs and thus a distinction should be made between this source and adult peripheral blood. Most notably, cord blood ECFCs are significantly more frequent and their lifespan in culture is demonstrably superior to that of adult ECFCs. Hence, in coming years, cord blood ECFCs will continue to be embraced by bioengineering laboratories to a higher degree than adult ECFCs. Nevertheless, because in general most patients would not have access to their own umbilical blood, the use of cord blood-derived ECFCs poses a limitation in terms of developing autologous cell therapies. This limitation might be circumvented by the establishment of cell banks where major human leukocyte antigen (HLA) haplotypes can be matched to reduce immunogenicity. These future banks would, for example, store enough samples of cord blood-derived ECFCs to cover a large part of the HLA diversity found in the general population. Altogether, forthcoming efforts in human vascular network bioengineering will probably continue to include the use of ECFCs.
Human endothelial cells derived from pluripotent stem cells
Over the last two decades, the search for alternative sources of autologous ECs have included those derived from human pluripotent stem cells [37] . Indeed, the excitement of using human embryonic stem cells (ESCs) in regenerative medicine has existed since they were first isolated in culture from the inner cell mass of human blastocysts [58] . Human ESCs could provide an unlimited number of pluripotent cells, which could subsequently generate sufficient ECs for any vascular cell therapy. In principle, patient-specific ESCs could be derived by therapeutic cloning from pre-implantation stage embryos produced by somatic cell nuclear transfer [59] . However, in practice, the use of human embryos poses ethical concerns that remain unresolved. In addition, harnessing the full therapeutic potential of ESCs might be challenging and would require methodologies for large expansion of ESCs as well as a better understanding of the mechanisms controlling their differentiation.
Despite uncertain clinical potential, feasibility of human ESC-derived ECs in vascular network bioengineering was demonstrated in early pre-clinical studies in mice. One of the initial in vivo proof-of-concept studies was reported by Levenberg et al. [60] . In this study, CD31 + ECs were derived from embryoid bodies (EBs) that were formed by an approved human ESC line (H9 clone). These ESCderived ECs were shown to form perfused human-specific microvessels 7-14 days after implantation into SCID mice. A few years later, in 2007, Wang et al. differentiated human ESCs into ECs using a scalable two-dimensional method. After transplantation into SCID mice, the ESC-derived ECs formed a robust network of blood vessels that integrated into the host circulatory system and was functional for up to 150 days [61] . Subsequent studies demonstrated the ability of human ESC-derived ECs to facilitate vascularization of implanted tissue-engineered constructs. These studies included subcutaneous implants with cells seeded onto porous poly(2-hydroxyethyl methacrylate) scaffolds as well as collagen gel constructs containing human ESC-derived ECs and implanted into infarcted nude rat hearts. In both cases, the human ECs formed robust networks of patent vessels filled with host blood cells [62, 63] . Collectively, these studies established ESC as an alternative option for human endothelial cells in vascular network bioengineering.
The use of human ESC as a source of ECs in bioengineering has diminished over the years. Undoubtedly, this is mainly due to the advent of human induced pluripotent stem cells (iPSCs) and their consolidation as a viable alternative to ESCs. Indeed, the discovery of methods to convert somatic human cells into iPSCs through expression of a defined set of transcription factors created another possibility of producing patient-specific ECs for regenerative medicine [64] [65] [66] . As with ESCs, iPSCs could potentially provide an unlimited number of ECs for vascular therapies and bioengineering purposes. However, unlike ESCs, iPSCs do not pose major ethical concerns. Moreover, autologous ECs obtained from iPSCs would avoid allogenic immune rejection, which was another concern when considering ESCs [67] . Thus, excitement surrounding the potential of iPSC-derived ECs is widely shared.
The first demonstrations of human iPSC-derived ECs used methods similar to those previously established with human ESCs. In 2009, Taura et al. used iPSCs generated from human skin fibroblasts; the iPSCs were then differentiated into ECs in the presence of a murine bone marrowderived OP9 stromal cell line and exogenous VEGF [68] . As with ESCs, the mechanism by which human iPSCs differentiate into ECs involved the generation of intermediate TRA1-60-/Flk-1 + precursors, and the efficiency of obtaining ECs from iPSCs was comparable to that of ESC-derived ECs [68] . Perhaps more importantly, studies have shown iPSC-derived ECs can display proper vascular function in vivo. For example, in 2011, Rufaihah et al. demonstrated that transplantations of human iPSC-derived ECs into ischemic hind limbs of immunodeficient mice were successfully incorporated into the host vasculature and significantly accelerated improvement in local blood flow [69] . Over the last few years, there has been an increasing number of encouraging studies using human iPSC-derived ECs. Despite rapid progress, several hurdles still remain before iPSC-derived cells become a clinical reality, including the uncertainty about their potential tumorigenicity, the longterm consequences of potential genetic and epigenetic alternations, as well as issues regarding their immunogenicity [67, 70] . Nevertheless, it should be noted that the methods to obtain iPSCs and to differentiate them into ECs have both evolved considerably in recent years.
In the context of bioengineering, the ability of human iPSC-derived ECs to form perfused vascular networks in vivo was first demonstrated in two independent studies published in 2013. In one of these studies, carried out by Samuel et al., human iPSC-derived ECs generated from healthy donors were shown to form stable functional blood vessels in vivo, lasting for 280 days in SCID mice [71] . Of note, in this study, ECs were transplanted in combination with mesenchymal progenitor cells (MPCs), which were also derived from human iPSCs. Furthermore, the study demonstrated that blood vessels can also be generated in vivo with human ECs and MPCs obtained from type 1 diabetic patient-derived hiPSCs, suggesting feasibility for future clinical translation. Similarly, Kusuma et al. demonstrated that ECs and pericytes, both also derived from human iPSCs, can self-organize to form bioengineered vascular networks that survived implantation into nude mice, integrated with the host vasculature, and established blood flow [72] . Collectively, these studies were critical proof-of-concept in vascular network bioengineering.
Nowadays, protocols to derive ECs from human iPSC are rapidly being incorporated into laboratories around the world and the number of studies that use human iPSCderived ECs to bioengineer vascular networks has increased accordingly (Fig. 2a) . Nevertheless, the occurrence of studies with pluripotent stem cells as the source of ECs is still low. Indeed, we found that over the period 2013-2018, only 9% of all the studies analyzed used human pluripotent cells (either ESCs or iPSCs) as their source of human ECs (Fig. 2b) . This low prevalence in vascular network bioengineering is likely due to fact that the arrival of human ESCs and iPSCs has occurred only recently. Indeed, work with human iPSC-derived ECs has had less than a decade to mature, and differentiation methods and protocols continue to develop. Nevertheless, in the last few years there has been a noticeable increase in the use of pluripotent stem cells as the source of human ECs (Fig. 2a) , a trend that is likely to continue in coming years. The prospect of an increased prevalence is consistent with the potential advantages that human iPSCs could bring to the field.
First, the unlimited and rapid growth potential of pluripotent stem cells provides a clear advantage over primary ECs, which certainly have a limited life-span in culture. This is not to say that iPSC-derived ECs have unlimited growth potential. In fact, one pressing challenge in the field continues to be the inability to expand iPSC-derived ECs robustly. From a translational standpoint, one could envision performing cell expansion at the iPSC level, before their differentiation into ECs, which would eliminate the need for massive EC expansion.
A second advantage is the ease at which autologous, patient-specific ECs can be generated from iPSCs. As discussed earlier, some of the most robust primary human ECs (namely, HUVECs and cord blood-derived ECFCs) are not suitable candidates in an autologous setting because patients generally have no access to their own umbilical cords. Meanwhile, recent advances in iPSC technologies have made it feasible-and increasingly more affordable-to derive iPSCs from virtually any individual with no added morbidity and regardless of age and health.
Last, iPSC-derived ECs may also become a useful tool in the study of tissue specificity. Mounting evidence indicates that the endothelium is not a monolith, and ECs regulate multiple processes in a tissue-specific manner [73] [74] [75] [76] [77] . For example, tissue-specific EC-derived factors stimulate self-renewal and in situ expansion of stem cells residing in lung, liver, bone, and neural tissues, contributing to the regeneration of these tissues upon injury [58] [59] [60] [61] [62] . Thus, to recapitulate the full complexity of human tissues, bioengineers may need to use tissue-specific primary ECs. However, as pointed out earlier, obtaining human ECs routinely from primary tissues is not trivial. Meanwhile, emerging evidence indicates that iPSC-derived ECs resemble highly plastic immature ECs and, therefore, could be susceptible to acquire tissue specificity upon exposure to tissue microenvironmental cues [78] [79] [80] . For example, Lippmann et al. showed that iPSC-derived ECs acquired blood-brain barrier (BBB) properties (including well-organized tight junctions, appropriate expression of nutrient transporters, and polarized efflux transporter activity) when co-cultured with astrocytes [81] . Nolan et al. demonstrated that following engraftment into liver and kidney, immature ECs underwent a process of in vivo education, acquiring structural and phenotypic attributes of the native tissue-resident ECs (i.e., liver ECs and glomeruli ECs, respectively) [77] . Accordingly, iPSC-derived ECs may be susceptible to undergo a process of tissue-specific education/maturation, which could in principle be harnessed by bioengineers to recapitulate EC heterogeneity.
A safety concern for human iPSCs is tumorigenicityi.e., the formation of teratomas and/or malignant neoplasms [82] . This is certainly a concern that is specific to iPSCderived cells and that is not present in primary ECs and ECFCs. To minimize this risk, emphasis should be put on having adequate control over the differentiation process and effective purification steps to eliminate possible undifferentiated cells. In addition, iPSC lines should be routinely screened for the presence of unwanted mutations. Overall, mounting evidence in animal studies has so far indicated a good safety profile with pluripotent stem cell derivatives. Nevertheless, tumorigenicity should remain an issue to consider.
Taken all together, we foresee iPSCs as perhaps the source of human ECs with the most potential, and thus we would expect a marked increase in the prevalence of vascular network bioengineering studies that include human iPSCderived ECs in the coming years.
Sources of perivascular cells in human vascular network bioengineering
Bioengineering vascular networks with no perivascular cell support
Our collective understanding of the heterotypic interactions between endothelial and perivascular cells precedes the advent of studies on vascular network bioengineering. Indeed, for over three decades, studies have substantiated the molecular pathways involved in the maturation of nascent vasculature via the recruitment of perivascular mural cells and their role in stabilizing the endothelium [83] [84] [85] . Consequently, it is not entirely surprising that current efforts in vasculature bioengineering often include the use of perivascular cells as a means to support EC stability. Nevertheless, some of the initial approaches in bioengineering were aimed at harnessing the inherent ability of ECs without explicit inclusion of perivascular cells in the constructs. After all, ECs can form vascular networks in the absence of mural cells, and the recruitment of supporting perivascular cells and subsequent stabilization could occur upon implantation of the constructs into the host. Also, using an additional cell type significantly complicates future clinical translation of EC-based therapies and thus researchers have often resisted multicellular approaches.
The majority of the studies that do not explicitly use any source of perivascular cells in their methods are conducted in vitro. Nevertheless, one of the earliest reports in which human vascular networks were bioengineered with no perivascular cell support was the seminal study by Schechner et al. [16] . In that study, HUVECs were suspended alone, with no perivascular cells, in collagen/fibronectin gels wherein they first formed tubular structures in vitro within 20 h. The cell-laden constructs were then surgically implanted into the abdominal wall of severe combined immunodeficient (SCID) mice and human EC-lined vessels were detected in the implants by 30 days. Although the constructs lacked initial perivascular cell support, the study found that HUVECs needed to be transduced with the antiapoptotic gene Bcl-2 to achieve meaningful survival, long enough to recruit host perivascular support. This, however, is one of the few studies in which human vascular networks were engrafted in vivo with no perivascular cells. Indeed, consensus holds in that meaningful engraftment of bioengineered vascular networks in vivo requires mural cell participation.
The number of studies in human vascular network bioengineering that lack perivascular cell support has experienced a progressive increase that is in line with the overall trend in this area of research (Fig. 3a) . Over the period 2013-2018, 22% of all the studies analyzed did not explicitly use perivascular cells (Fig. 3b) . This high prevalence may appear surprising given that vascular networks lacking perivascular cells have been consistently shown to display inefficient engraftment and poor stability in vivo. However, it is important to note that the majority of these studies were conducted in vitro, where, unlike in vivo, human ECs can self-assemble into vessels without the need for perivascular coverage. In any case, collectively, the most prevalent option in the field remains the supply of perivascular cells and future studies are likely to continue this trend.
Human primary smooth muscle cells and pericytes
Vascular smooth muscle cells (SMCs) and pericytes are collectively referred to as perivascular cells or mural cells and are adluminal cells that reside in close contact with ECs along the vasculature. Pericytes surround microvessels and capillaries, whereas SMCs contribute to the vascular wall of larger vessels; both are important for vascular development and stability [83, 85] . Perivascular cells are involved in the formation of the vasculature and respond to a variety of EC-derived factors such as platelet-derived growth factor B (PDGF-B) in a paracrine manner [86] . Vessels with perivascular coverage transit to a quiescent status that is characterized by cessation of EC proliferation, insensitivity to angiogenic stimulus, and decreased permeability. Indeed, vessels without proper perivascular coverage tend to regress over time [87] .
Given the critical role of perivascular cells on the formation and stability of the vasculature, the use of primary SMCs in vascular network bioengineering was a natural choice that was examined in early studies. In 2004, Wu et al. showed that a combination of human ECFCs and mature human saphenous vein-derived SMCs was able to self-assemble into microvessel-like structures in vitro when co-seeded on a biodegradable scaffold of polyglycolic acid/ poly-l-lactic acid (PGA/PLLA) [44] . Importantly, this study showed that in the absence of SMCs, ECs were not able to assemble into stable luminal structures and thus suggested that a two-cell system composed of ECs and SMCs could prove more robust and efficient for building vascular networks. In 2007, Melero-Martin et al. conducted in vivo studies and demonstrated that human ECFCs and saphenous vein-derived SMCs that were combined as a single-cell suspension in Matrigel formed vascular networks in 7 days after subcutaneous implantation into immunodeficient athymic nude mice [40] . Evaluation of implants at 1 week revealed an extensive network of human-specific luminal structures containing erythrocytes, indicating formation of functional anastomoses with the host vasculature. Of note, perfused human lumens were surrounded by α-SMA + perivascular cells, which contributed to the long-term stabilization of vessels; implants containing only ECFCs or SMCs did not yield human vessels. In subsequent years, studies from Jordan Pober's group examined differences between using pericytes and SMCs in the context of vascular bioengineering. These studies showed that the use of human pericytes preferentially favored the formation of capillary-like structures, whereas SMCs promoted arteriole formation [88, 89] . Hence, both perivascular cell types may have distinctive uses.
These early efforts on vascular network bioengineering using human primary SMCs or pericytes were proof-of-concept studies and collectively demonstrated perivascular cells as critical supporting elements both in vitro and in vivo. Indeed, this two-cell system soon became the standard in the field of vascular network bioengineering, although the source of perivascular cells varies between studies. Overall, the prevalence of human primary SMCs/pericytes as the choice of perivascular cells has not grown in line with the overall trend in this area of research (Fig. 3a) . Over the period 2013-2018, only 9% of all the studies analyzed use human primary SMCs or pericytes as perivascular cells (Fig. 3b) . This low prevalence can be mainly attributed to the fact that SMCs/pericytes are primary cells and thus have inherent limitations that hinder their translational potential, including morbidity associated with their derivation (for example, from the saphenous vein), diminished proliferative and regenerative capacity in elder patients, and short life-span of the cells in culture. Moreover, the early advent of alternative sources of perivascular cells (most notably fibroblast and MSCs) with equal supporting capacity but with less intrinsic limitations, progressively rendered the use of SMCs/pericytes as a less preferable option. As a result, the use of primary human SMCs/pericytes soon became limited to few studies that were generally more focused on understanding mural cell biology than on actual bioengineering, and this trend is likely to continue in years to come.
Nevertheless, efforts to understand the role of perivascular cells in a bioengineering setting are still ongoing. This includes characterization of mural functions in bioengineered vessels and efforts to determine the extent to which perivascular cells from alternative sources can robustly support the formation of new vasculature and best recapitulate the functions of actual primary SMCs and pericytes.
Human fibroblasts
Fibroblasts are spindle-shaped cells present in the stromal compartment of all connective tissues where, among other functions, they contribute to maintain the structural integrity of the tissues [90] . Fibroblasts are thus ubiquitous and, not surprisingly, were among the first human primary cells successfully adapted to grow in tissue culture in the 1960's [91] . In research, human fibroblasts are commonly isolated from a variety of tissues, most notably juvenile foreskin and adult dermal skin. Once in culture, fibroblasts can grow with ease and thereby can be expanded to large numbers. In an autologous setting, the isolation of fibroblasts only requires a small biopsy of tissue, which could be obtained by low invasive means; thus, fibroblasts are widely considered to have broad translational potential. Indeed, human fibroblasts rapidly became a popular choice in many areas of regenerative medicine research, including the generation of iPSCs and direct reprogramming [64, 92] .
Fibroblasts are interstitial cells and, therefore, are not perivascular cells per se. However, fibroblasts do have a close relationship with the vascular system. For example, fibroblasts produce a variety of cytokines and growth factors with well-established proangiogenic properties such as VEGF and bFGF [83, 84] . Consequently, it is not surprising that fibroblasts were central to the establishment of many in vitro angiogenesis model. They also had an early prominent role in the area of vascular network bioengineering. Indeed, one of the first studies in the field by Black et al. used human fibroblasts as supporting cells [15] . In this study, Black et al. developed a vascular-like network inside tissue-engineered skin to improve graft vascularization. These pre-vascularized skin grafts were assembled by three human cell types-HUVECs, dermal fibroblasts, and keratinocytes-co-cultured in a 3-D collagen gel. In this context, fibroblasts were shown to provide essential support and to promote spontaneous formation of capillary-like structures by the HUVECs [15] . Similar approaches soon became popular in vitro models to prevascularize grafts, especially in the field of dermal tissue engineering [6, 93, 94] .
A decade after the Black et al. [15] study, in 2009, Chen et al. performed the first in vivo proof-of-concept study with fibroblasts supporting a bioengineered human vascular network [47] . This study pre-vascularized HUVECs in fibrin-based constructs containing human dermal fibroblasts, and subcutaneously implanted them into the dorsal surface of immunodeficient mice. The study demonstrated that the presence of fibroblasts accelerated the formation of functional anastomoses between the bioengineered vessels and the host vasculature following implantation. Similarly, in 2010, Hendrickx et al. demonstrated that human dermal fibroblasts mediated the formation of a robust vascular network by ECFCs in an in vivo skin wound-healing model [95] . Of note, this study showed that fibroblasts served as a major source of a plethora of trophic factors (including VEGF-A, PIGF, angiopoietin-1, MCP-1, bFGF, and MMP1) that collectively supported the formation of blood vessels. Collectively, these studies established that human fibroblasts can facilitate the formation of bioengineered vascular networks through providing a proangiogenic and anti-apoptotic environment that assists ECs. Nevertheless, it is worth mentioning that although the supporting function of fibroblasts for EC engraftment is well documented, their contribution to the actual perivascular coverage of the vessels remains unclear. Further research is warranted to elucidate the stability of vessels engineered with the support of fibroblasts as well as the fate of the fibroblasts themselves within the grafts.
Currently, fibroblasts continue to be widely used in tissue engineering and regenerative medicine research. The reasons for this high prevalence are multiple and include widespread availability and easy, somewhat inexpensive cell culture conditions. In vascular network bioengineering, examination of all relevant publications available in PubMed revealed that the use of human fibroblasts continues to grow since the early 2000's (Fig. 3a) . Moreover, this prevalent use of fibroblasts appears to have increased over the last few years; over the period 2013-2018, 24% of all studies analyzed used human fibroblasts as the source of supporting cells (Fig. 3b) , choice that is only second to the use of MSCs. Despite this popularity, a few concerns with the use of fibroblasts remain to be addressed. These include the issue of fibroblast heterogeneity, which is a subject of active investigation [96] . Indeed, fibroblast is a broad term that may encompass many subtypes of different stromal cells, but we currently lack a decisive cell marker for each of these cells [97] . Depending on their localization within the tissues and on various other conditions, fibroblasts could exhibit considerable variation in morphology, size, and shape, suggesting the existence of discrete cellular subsets [98] . Moreover, due to the lack of definite markers, fibroblasts and MSCs are difficult to distinguish in culture on the basis of cell morphology, and thus it is conceivable that some cultures of fibroblasts contain certain percentages of MSCs. Equally, some claimed MSC cultures do in fact include differentiated fibroblasts (which lack multilineage differentiation potential) [99, 100] . Therefore, a certain degree of uncertainty remains a concern 1 3 in studies using fibroblasts or MSCs as supporting perivascular cells. In addition, the long-term durability of vessels bioengineered with the support of fibroblasts is unclear. Because bona fide fibroblasts should, in principle, not be able to differentiate into smooth muscle cells, the perivascular coverage of the newly formed vessels may solely rely on the ingrowth of host perivascular cells. However, host perivascular cells may be more or less dysfunctional depending on a possible pathology and/or aging. In any case, these and other questions will probably be answered in coming years, and forthcoming studies will likely continue to use human fibroblasts as cells to support the formation and the engraftment of bioengineered vascular networks.
Human mesenchymal stem cells
Human MSCs were originally identified as adherent cells isolated from bone marrow that have colony-forming ability [101] . MSCs were later found to display multilineage differentiation potential and thus could generate multiple end-stage mesenchymal cell types [102] . Over the years, these cells have been referred to by various names including mesenchymal stromal cells and multipotent stromal cells [103] ; however, the term mesenchymal stem cells (MSCs) is currently the most widely used. In 2006, the International Society for Cellular Therapy (ISCT) defined human MSCs as adherent cells capable of undergoing osteogenic, adipogenic, and chondrogenic differentiation, and are positive for cell surface markers CD73, CD90, and CD105, but lack CD11b, CD14, CD34, CD45, CD79a, and HLA-DR expression [104] . Despite these guidelines, the characterization and definition of MSCs remains a challenge [105, 106] . In addition to the bone marrow, MSCs have been found in virtually all other vascularized tissues, primarily as cells residing in perivascular locations and sharing markers similar to pericytes [107] . Moreover, mounting evidence suggests that MSCs' properties vary depending on the tissue of origin from which they are isolated [108] . In the context of translational research, the most studied sources of MSCs are bone marrow and adipose tissue [109] .
Initially, the use of MSCs was focused on their capacity for multilineage differentiation [103] . However, subsequent studies demonstrated that in addition to their inherent progenitor cell potential, MSCs were able to exert other biological functions in a paracrine fashion, through the secretion of trophic factors similar to fibroblasts [110] . This includes the secretion of proangiogenic cytokines and growth factors that have the potential to promote local vascularization, including VEGF, bFGF, and HB-EGF [111] . Due to the fact that MSCs are readily available from tissues such as the bone marrow and adipose, their perivascular origin, and their provascularization properties, MSC usage in vascular network bioengineering was a logical proposition.
The use of human MSCs in vascular network bioengineering can be dated back to the early 2000's, although at that time the term MSCs was still not as prevalent as is today. In 2003, Borges et al. reported that co-transplantation of human preadipocytes (i.e., adipose tissue-derived MSCs) with HDMECs enabled the early formation of a capillary network in a specially adapted chorioallantoic membrane (CAM) model [112] . In 2004, Wenger et al. formed heterogeneous co-spheroids by mixing human osteoblasts (i.e., bone marrow-derived MSCs) and HUVECs, and demonstrated that the osteoblasts supported the sprouting of HUVECs into extensive capillary networks inside a 3-D collagen matrix [113] . One of the first uses of the term MSCs in vascular network bioengineering was reported by Ghajar et al. [114] . In this study, human MSCs were combined with HUVECs to examine EC sprouting in an in vitro 3-D fibrin matrix model. The addition of MSCs resulted in a significant increase in network formation by the HUVECs, attributed to modulation of proangiogenic factors and the stiffness of the matrix by the MSCs. Furthermore, additional in vitro studies also demonstrated that the contribution of MSCs (from different origins) entailed differentiation into smooth musclelike cells [115] [116] [117] . These cells surrounded the EC-lined lumens and thus served as actual perivascular cells [118] .
In vivo demonstrations of the potential of human MSCs in vascular network bioengineering came in the late 2000's. In 2008, Au et al. showed that human MSCs can serve as a source of perivascular cell precursors [119] . In this study, vessels were bioengineered in vivo using a combination of HUVECs and human bone marrow-derived MSCs. The MSCs were shown to efficiently stabilize the nascent blood vessels in vivo by functioning as perivascular precursor cells, and the vessels remained stable and functional for more than 130 days in SCID mice. The same year, MeleroMartin et al. demonstrated that human bone marrow-derived MSCs were able to support human ECFCs in a similar fashion. In this case, human MSCs were combined with human ECFCs in Matrigel and injected subcutaneously into athymic immunodeficient nude mice. Examination of the implants after 1 week revealed an extensive network of luminal structures that were unequivocally lined by the human ECFCs and contained murine erythrocytes, which indicated formation of functional anastomoses with the host vasculature [48] . Both studies confirmed that MSCs were incorporated as proper perivascular cells, surrounding the human vessels and expressing perivascular markers such as α-SMA. In addition, they illustrated the importance of the two-cell type approach-implanting either ECs or MSCs alone failed to produce meaningful vascularization. Collectively, these studies established feasibility of using human MSCs as a source of perivascular support for bioengineering vascular networks in vivo.
Shortly after these critical demonstrations, other significant in vivo studies with human MSCs ensued. In 2009, Traktuev et al. reported the formation of robust vascular networks using a combination of human ECFCs and adipose tissue-derived MSCs in immunodeficient mice [49] . In 2012, Lin et al. showed that tissue-resident MSCs isolated from four distinct tissues displayed equal capacity to support the formation of human vascular networks in vivo. This demonstrated that the ability to modulate the formation of vasculature is a ubiquitous property of all MSCs, irrespective of their original anatomical location [120] . Furthermore, in 2014, Lin et al. reported that in addition to the support provided by MSCs, ECs themselves serve as mediators for MSC engraftment via paracrine signaling, thus establishing a mechanism for mutual cooperation between both cell types [121] . Trophic factors (most notably PDGF-BB) from ECs were found critical to preserve the perivascular nature and stem cell properties of MSCs in vivo, whereas MSCs that failed to engraft as perivascular cells lost their stemness and became fibroblast-like interstitial cells instead. Therefore, this study suggested that bioengineering vascular networks by co-implanting ECs and MSCs could be a strategy not only to revascularize tissues, but also to enable proper MSCs engraftment in the context of mesenchymal tissue regeneration (e.g., bone and adipose tissue).
Since MSCs were established as possible perivascular partner for ECs, the number of publications that used MSCs for bioengineering vascular networks has soared (Fig. 3a) . Indeed, MSCs have rapidly become the most prevalent choice of perivascular cells in the field, especially in studies conducted in vivo. Over the period 2013-2018, 37% of all the publications analyzed used human MSCs as the source of perivascular cells (Fig. 3b) and this prevalence is likely to continue in years to come. There are several intrinsic advantages that make MSCs a preferred perivascular option in vascular network bioengineering. First, autologous human MSCs have robust translational potential, are somewhat abundant, and can be obtained from small adipose tissue and/or bone marrow biopsies by minimally invasive procedures. Second, human MSCs are easy to maintain and expand in culture, and specialized chemical-defined media and supplements are now commercially available for these cells. And third, MSCs are competent adult stem cells and their potential in medicine not only includes their supporting role in the formation of vascular networks but also their ability to regenerate mesenchymal tissues. Collectively, these properties make MSCs particularly appealing in regenerative medicine.
We anticipate a bright prospect for MSCs in the field of vascular network bioengineering. However, there are certain questions that continue to be unresolved. This includes issues about the identity of MSCs and the intrinsic heterogeneity associated with their various tissues of origin. For example, studies have shown that most MSCs have a similar capacity to initially support vascularization in vivo [120] . However, with regards to their multilineage differentiation potential, in vivo studies have often indicated lineagerestricted properties that are related to their tissue of origin [121] . Thus, whether all MSCs possess equal multilineage potential in vivo remains unclear and further studies should identify the differences between the various sources of human MSCs as well as their long-term effects on the vasculature. Certainly, additional insights into the biological attributes of MSCs should result in a more rational use of these cells in vascular network bioengineering.
Human perivascular cells derived from pluripotent stem cells
As with ECs over the last decade, the search for alternative sources of autologous perivascular cells has included those derived from human iPSCs. iPSCs could provide an unlimited number of patient-specific pluripotent cells, which could subsequently generate sufficient perivascular cells for any vascular cell therapy. In practice, the same iPSC lines could be used to generate both ECs and perivascular cells needed for individual patients, simplifying the cell manufacturing process.
Discovering optimal protocols for human perivascular cell differentiation is an active area of investigation. Early methods relied on embryoid body (EB) formation with human ESCs followed by spontaneous differentiation into fibroblast-like stromal cells [122] . Subsequent protocols have adapted a 2-D approach that relies on the transition of human pluripotent stem cells (ESCs or iPSCs) into mesodermal progenitor cells that have the ability to then differentiate into several mesodermal end-stage cell types, including ECs, perivascular cells, and cardiomyocytes [123] . Indeed, studies have shown that human pluripotent stem cells can first be induced to differentiate into an intermediate mesodermal stage by activating Wnt and Activin/Nodal signaling pathways [124] . These intermediates, which express common mesodermal cell markers Flk1 and CD34, can then be differentiated into perivascular cells in the presence of specific growth factors such as PDGF-BB and TGF-β [125] .
One of the first demonstrations of human pluripotent stem cell-derived perivascular cells in vascular network bioengineering came from Ferreira et al. [125] . In this study, human ESCs were first grown as EBs for 10 days and then vascular progenitor cells were isolated by virtue of CD34 expression. These CD34+ cells were cultured with PDGF-BB giving rise to smooth muscle-like cells that were characterized by spindle-shaped morphology, expression of smooth muscle cell markers (namely α-SMA, SM myosin heavy chain, calponin, caldesmon, and SM α-22), and the ability to contract and relax in response to agents such as carbachol and atropine. Importantly, this study demonstrated that these human ESC-derived perivascular cells were able to support the formation of functional vascular networks when implanted with ECs into immunodeficient mice.
Validations of competent perivascular cells from human iPSCs in vascular network bioengineering are more recent. In 2013, Samuel et al. derived mesenchymal precursor cells (MPCs) from human iPSCs using a 2-D differentiation protocol and demonstrated that ECs and MPCs derived from the same human iPSC line could successfully form stable functional blood vessels in vivo, lasting for 280 days in SCID mice [71] . Similarly, Kusuma et al. derived a bicellular endothelial/perivascular population from human iPSCs and demonstrated that these cells can self-organize to form microvascular networks in an engineered matrix. Additionally, upon implantation in mice, these engineered human vascular networks integrated with the host vasculature and established blood flow [72] . Together, these studies provided proof that autologous human iPSC-derived vascular precursors can be used for in vivo vascular network bioengineering.
Protocols to derive perivascular cells from human iPSC are rapidly being adopted by laboratories working in the field of tissue engineering and the number of studies that use these cells to bioengineer vascular networks has increased considerably in recent years (Fig. 3a) . Nevertheless, the occurrence of studies with pluripotent stem cells as the source of perivascular cells is still low. Over the period 2013-2018, only 5% of all the studies analyzed used human pluripotent cells (either ESCs or iPSCs) as their source of human perivascular cells in vascular network bioengineering (Fig. 3b) . As discussed above for ECs, this low prevalence is likely due to fact that protocols to derive perivascular cells from human ESCs and iPSCs have been developed only recently. Moreover, the study of iPSC-derived perivascular cells is often conducted as an addition to iPSC-derived ECs, with cells reported as a byproduct of EC differentiation. Thus, more investigation is still needed to elucidate key uncertainties surrounding the generation of perivascular cells from pluripotent stem cells. This includes questions about heterogeneity and the mechanisms controlling differentiation into different kinds of perivascular cells, from bona fide mature SMCs/pericytes to the more elusive mesenchymal progenitor and stem cells. In any case, over the last few years there has been a noticeable increased in the use of pluripotent stem cells as the source of human perivascular cells (Fig. 3a) , a trend that is likely to continue in coming years.
Non-human perivascular cells
Although our analysis focused on human cell sources, it is worth mentioning that some non-human perivascular cells have played a significant historical role in the field of vascular network bioengineering. This is particularly true for the sarcoma cell line 10T1/2, a murine line originally established and characterized by Reznikoff et al. [126] . This line was derived from a line of C3H mouse embryo cells and was shown to have mesodermal differentiation potential similar to that of MSCs. The 10T1/2 cell line was easy to maintain in culture and displayed robust proangiogenic and perivascular properties, and thus rapidly became a staple cell line in vascular biology during the 1990's [127, 128] .
The use of the murine 10T1/2 cell line in human vascular network bioengineering was first reported in the early 2000's. In 2004, Koike et al. and demonstrated that 10T1/2 cells could serve as mesenchymal precursors and support the engraftment of HUVECs; embedding both cell types in collagen gel led to formation of perfused and long-lasting vascular networks upon implantation into immunodeficient mice [17] . Moreover, this study demonstrated that 10T1/2-derived cells expressed mural-cell markers and were intimately associated with the newly formed vessels, surrounding the HUVEC-lined vessels, which suggested proper perivascular contribution. This was a seminal proofof-concept report that established the notion of combining two-cell types (endothelial and perivascular) for stable vascular network formation.
After the Koike et al. study, the use 10T1/2 cells became somewhat frequent in the field. In 2005, Levenberg et al. applied a similar approach to engineer a vascularized skeletal muscle tissue by co-culturing human ECs, mouse 10T1/2 cells, and mouse myoblasts on PLLA/PLGA scaffolds [18] . As in the Koike report, this study showed that the presence of mouse 10T1/2 cells was critical, and no proper vessel formation was seen in their absence. Similarly, in 2007, Caspi et al. used 10T1/2 cells in combination with human ECs and ESC-derived cardiomyocytes to form vascularized human cardiac tissue [20] . In 2008, Au et al. used 10T1/2 cells to demonstrate the potential of human ECFCs to form functional and long-lasting vessels in vivo [43] . In 2011, Cheng et al. used HUVECs and 10T1/2 cells to illustrate how engineered blood vessel networks connect to the host vasculature to form anastomoses [129] .
Following the success with 10T1/2 cells, other murine embryonic stromal cells were also used, although with much lower prevalence. Collectively, the occurrence of studies with non-human sources of perivascular cells has remained low and the trend suggests a decline over the last few years (Fig. 3a) . Over the period 2013-2018, only 3% of all the studies analyzed used non-human perivascular cells (Fig. 3b) . The main reason for this decline is likely the limited translational potential of non-human cell sources, including the murine sarcoma cell line 10T1/2. Non-human perivascular cells may continue to be found in human vascular network bioengineering reports; however, their use will likely be restricted to basic proof-of-concept studies with no direct translational relevance. Moreover, the consolidation of human sources of highly proliferative perivascular cells-such as those derived from MSCs and iPSCs-will soon render the use of non-human cells unnecessary, and thus a decline is foreseeable in the use of these cells in years to come.
Summary
Over the last two decades, most studies in the area of human vascular network bioengineering have synergistically combined ECs and supporting perivascular cells. However, the sources used to derive each of these cell types have varied considerably over the years. Here, we have highlighted trends followed by investigators with regard to the use of various cellular sources, from the onset of vascular network bioengineering research to date.
In the case of human ECs, sources have included primary tissues, progenitor cell sources, and, more recently, pluripotent stem cells. Also, efforts towards derivation of human ECs in xeno-free conditions are increasingly more common. For historical reasons, the use of HUVECs as the choice of human ECs has been and continues to be the most prevalent in the field of vascular network bioengineering. Indeed, 59% of all the studies analyzed over the last 5 years used this type of ECs. HUVECs will likely remain a popular option in this field for years to come. Nevertheless, a number of advances could eventually produce a decline in the prevalence of HUVECs. This may include the advent of a new focus on bioengineering organ-specific vascular beds and the consolidation of EC sources with more clinical translational potential such as those derived from either progenitor cells (i.e., ECFCs) or from pluripotent stem cells (iPSCs).
With regard to perivascular cells, sources have also included primary tissues, progenitor cells, and pluripotent stem cells. However, trends in this area have revealed that the choice of perivascular cells has varied more equally between primary cells and progenitor cells. This is reflected in our analysis of the last 5 years where both fibroblasts and MSCs were found as highly prevalent options (24% and 37%, respectively). In addition, a considerable portion of all studies (22%) in the last 5 years proceeded with only ECs and thus did not explicitly include perivascular cells. However, it is important to note that the majority of these studies were conducted in vitro; whereas in vivo, the most prevalent option in the field remains the supply of perivascular cells. Future studies are likely to continue this trend and we should expect a multitude of options for perivascular support. From a translational standpoint, the usage of perivascular progenitor cells (i.e., MSCs) and pluripotent stem cells is likely to gain more influence in the field. In addition, efforts will continue to improve the engraftment of ECs without the explicit use of perivascular cells, which could eventually eliminate the need for multicellular approaches and further facilitate clinical translation.
